Use policy
> Strain compatibility and fault linkage is investigated in non-tabular relay zones. > Faults link simultaneously at multiple points along overlapping tip lines.
> Mechanical layering controls the 3D shape of faults and hence linkage locations.
> Fault linkage controls the distribution of ramp rotation within a relay zone.
> Volumetric strains help maintain strain compatibility within a relay zone.
*Highlights

Introduction
26
The volume of rock within which faults overlap and transfer displacement is termed a relay 27 ramp in map view and a relay zone in three-dimensions (3D). The bounding faults that 28 define and enclose a relay zone are likely to be non-planar and non-parallel. Relay zones are 29 therefore rarely, if ever, likely to have the simple tabular geometries depicted in the 30
Geological background: Laminaria High, Bonaparte Basin,
133
NW Australia
134
The Laminaria High is located within the Northern Bonaparte basin on the NW continental 135 margin of Australia (Whittam et al., 1996; De Ruig et al., 2000) . Faults in the top 2.5 km of 136 sediment were analysed using a well-calibrated 3D seismic reflection dataset (Fig. 3) , which 137 covers the Laminaria High and has an area of approximately 760 km 2 . It was collected in 138 1995 in an E-W direction with asymmetric binning (12.5 x 25 m), and is a time-migrated 139 volume. Fourteen horizons were interpreted on bright, laterally continuous reflections (Fig.  140 3) from the top 1.8 seconds (ca. 2.5 km) two-way travel time (TWT). Regional dips of 141 stratigraphic reflectors are mainly sub-horizontal, or gently toward the northeast (Fig. 2) . 142
Wireline logs from a borehole on the Laminaria High show that the density of the 143 carbonate-dominated sedimentary sequence does not vary greatly with depth, apart from 144 around horizon H9, which is characterised by elevated acoustic impedance and a peak in 145 corrected density (Fig. 3c ). Velocity data from a nearby well was used to depth convert a 146 seismic section (Fig. 3b) . The velocity profile is consistent for a uniform overburden with 147 negligible lateral velocity variations. Therefore, the depth conversion process had a minimal 148 effect on the overall geometries, producing little change in fault geometries between the 149 depth and time sections. Consequently, the time-migrated volume was used to analyse the 150 distribution of fault-normal rotation for the studied relay zones. 
Relay zone geometry
162
In cross-section, the traces of the relay-bounding faults, F3 and F2 are sub-parallel and 163 decrease in dip with depth (Fig. 4a ). This decrease in fault dip gives rise to a non-tabular 164 6 relay zone. The total throw across faults F2 and F3 is about 60 ms TWT. The horizons within 165 the ramp dip toward the mutual hanging wall, as observed in many other relay zones 166 (Huggins et al., 1995) . The average thickness between pre-faulting horizons H4 and H9 167 outside of the relay zone is 241 ms TWT, whereas the thickness between the same markers 168 within the relay zone is lower at 235 ms TWT. The possible cause of this thickness change 169 within the relay zone is discussed in section 6. No slip-normal branch line is observed at the 170 base of the relay zone on this cross-section. Minor faults occur in the volume adjacent to 171 the relay zone with an increase in the density of secondary faults on horizon H9 (Fig. 4a:  172 dashed lines). The upper tip points of F2 and F3 both terminate within the growth sequence. 173
The upper tip point of F2 lies above horizon H2, whereas F3 stops midway between H3 and 174 H2. This observation suggests that at the location of the cross-section, F2 continued to move 175 after F3, which is consistent with the inference that F3 is a relict splay. 176
In map view, the separation (i.e. the perpendicular distance) between the footwall (F3) and 177 hanging wall (F2) faults to the R1 relay ramp is approximately 100 m ( resembles that of a single, continuous fault on all horizons (Fig. 5) . 239
On horizon H2, the displacement on F2 and F3 decreases smoothly towards the lateral fault 240 tips, with greater displacement gradients within the fault overlap zone (Fig. 5) . In contrast, 241 the displacement on F3 decreases abruptly to the southwest of the branch point between 242 F2 and F3 on horizons H7 and H8 in the vicinity of transect line 545 (Fig. 5: arrows) . These 243 observations are consistent with our previous interpretation of fault linkage, such that part 244 of F3 located to the south-west of the branch point being a relict fault tip. A small, but 245 noticeable step-like decrease in displacement on F3 is also observed on horizons H4 and H9, 246 in the vicinity of transect line 545, which is directly above and below the branch points 247 interpreted on H7 and H8 ( Fig. 5: arrows) . 248
The broad zone of deformation observed on horizons H8 and H9 clearly contributes to the 249 geometrically coherent total vertical displacement profiles associated with H8 and H9. This 250 zone of continuous deformation extends beyond the R1 fault overlap ( 
258
The three-dimensional structure of the R1 relay can be interpreted from a vertical "stack" of 259 horizon maps contoured for fault-normal rotation. Fault tip and branch line geometries can 260 be extrapolated between mapped horizons to highlight the fault-surface geometries (Fig. 6) . 261
It is apparent from Figure 6 that despite its relatively simple cross-sectional geometry (Fig.  262 4a), the R1 relay zone is non-tabular in form. The relay zone geometry varies from an open 263 or intact ramp on H2 to H4, to a breached ramp on H7 to H8. Here, F2 and F3 link along a 264 slip-aligned branch line. The relay zone is again open on H9, and terminates downward at a 265 branch point or slip-normal branch line between H9 and H12 (Fig. 6) . In detail, each horizon 266 is characterised by variable amounts of ramp rotation toward the mutual hanging wall. horizontal separation of 90 cm across the relay ramp, and a combined maximum offset of 68 289 cm. The relay zone was breached by the propagation of the footwall fault across the top of 290 the ramp. Crucially, a slip-aligned branch line is visible on the exposed fault surface (Fig. 7) . 291 A longitudinal profile through the relay zone is exposed in front of the footwall fault (Fig. 7) . 292
Here, the relay zone comprises three limestone beds (1 = youngest; 3 = oldest; the sequence 293 has not been inverted) that define a westward dipping relay ramp. The limestone beds are 294 interbedded with shale layers of variable thickness (S1 = youngest; S2 = oldest; Fig. 7) . 295
Limestone beds 2 and 3, east of the branch line, protrude outwards toward the camera 296 position and the offsets in the photo appear foreshortened. The measurements given below 297 were taken directly from the outcrop and from detailed terrestrial laser scan data (Long 298 2011). Limestone bed 1 is 21 cm thick, and is offset by 9 cm across the slip-aligned branch 299 line. Within the relay zone, the bed dips at 14° towards 213° adjacent to the branch line and 300 at 09° towards 211° at a point 1 m to the west of the branch line. Limestone bed 2 is 8.5 cm 301 thick, and is offset by 3.5 cm across the branch line. It dips at 55° towards 216° adjacent to 302 the branch line and 13° towards 214° at a point 1 m to the west of the branch line. Finally, 303 limestone bed 3 is also 8.5 cm thick, and is offset by 2.1 cm across the branch line. Its dip is 304 25° towards 218° adjacent to the branch line and 14° towards 213° at a point 1 m to the 305 west (Fig. 7) . The limestone beds within the relay zone are therefore not parallel adjacent to 306 the slip-aligned branch line (Fig. 7) . 307
Moving west away from the slip-aligned branch line, limestone beds 2 and 3 become 308 parallel with bed 1. At horizontal distances greater than 1 m from the branch line the shale 309 layer S1 is 17 cm thick and S2 is 24 cm thick. Immediately west of the slip-aligned branch 310 line S1 is 10 cm thick and S2 is 18 cm thick. The shale beds have changed in thickness, to 311 accommodate the changing dips of the competent limestone beds. The total vertical offsets 312 of beds 2 (16.9 cm) and 3 (16.7 cm; estimated from typical bed thickness of S2 away from 313 the branch line) measured between locations A within the footwall and A' within the relay 314
zone are approximately equal to the total vertical offset of bed 1 (16.7 cm) measured 315 between the same locations (Fig. 7) . Thus, displacement is conserved at all levels within the 316 relay zone, but is partitioned between variable amounts of slip across the branch line and 317 rotation of the limestone beds. Observations of variable ramp dip and displacement across the slip-aligned branch line in 337 Lilstock (Fig. 7) suggest that the high values of fault-normal rotation observed on open relay 338 ramps in the partially-breached R1 relay ramp on the Laminaria High (Fig. 5) reflect variable  339 partitioning of displacement between slip across the branch line and reflector rotation at 340 different levels within the relay zone. Localised peaks in gamma ray intensity obtained from 341 well logs in hydrocarbon wells on the Laminaria High (e.g. Fig. 3c ) suggest that interbedded 342
shales may be present with the carbonate-dominated Neogene sequence. Strain 343 compatibility may have been achieved in R1 by thickening and thinning of interbedded shale 344 layers (e.g. Fig. 3 ) and/or tectonic dissolution of the competent carbonate beds. This 345 inference of tectonic dissolution is consistent with the decreased thickness of the pre-346 faulting H4 to H9 sequence within the R1 relay zone. 347
To summarise, spatial variations in strain intensity appear to be a natural consequence of 348 horizons containing a linked relay ramp (Fig. 5: horizon H9) . In three-dimensions, this 364 displacement reduction occurs on the fault surface that contains the relict tip on the under-365 (or over-) lying horizon (Fig. 8) . We interpret these observations to mean that the relay-366 bounding faults adjacent to these ramps that appear to be intact at the seismic scale are 367 undergoing incipient linkage. 368 (Fig. 3) . Abrupt changes in sequence thickness delimit 448 the location of active faults at the time of deposition. All fault segments on the NE-SW 449 trending fault-array were active during the same time. The studied R1 relay zone is labelled. 450 
